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ABSTRACT 

I 
I 

Four ier  Transform Infrared-Photoacoustic Spectroscopy (FTIR-PAS) has been used 
t o  study va r ia t i ons  i n  coal ox ida t i on  produced under l abo ra to ry -con t ro l l ed  condi t ions 
(temperatures o f  140 and 150°C and exposure t imes up t o  72 hours). Prominent oxida- 
t ion-induced spect ra l  changes were monitored by the peak heights  o f  carbonyl (1690 
cm-l) and carboxylate (1575 cm-1) bands. 
p l o t t e d  against conventional t e s t  data which are sens i t i ve  t o  the ox ida t i on  l e v e l  o f  
coal. Good l i n e a r i t y  was observed f o r  comparisons w i t h  the U.S. Steel ox ida t i on  t e s t  
b y  a l k a l i  ex t rac t i on  and w i th  measurements o f  the heat ing value. Advantages demon- 
s t ra ted  f o r  the FTIR-PAS method o f  moni tor ing coal ox ida t i on  inc lude speed of analy- 
s i s  (several minutes), non-destructive character, minimal sample preparat ion (coarse 
powder), i n s e n s i t i v i t y  t o  sample mass, and f l a t  spect ra l  basel ines wi thout  hydroxyl 
band in ter ference c o m n  t o  KBr-pel l e t  I R  transmission spectroscopy. 

Changes i n  these peak heights  have been 

INTRODUCTION 

It i s  wel l  know t h a t  exposure o f  f resh  coal t o  a i r  w i l l  d e t e r i o r a t e  i t s  cok ing 
propensi ty  as well as heat ing value, f l o a t a b i l i t y ,  and o the r  proper t ies.  The oxida- 
t i o n  o f  coal begins w i th  adsorption (phys ica l  adsorption and chemisorption) o f  oxygen 
on accessible aromatic and a l i p h a t i c  surface s i t e s  t o  form ac id i c  func t i ona l  groups, 
i n  p a r t i c u l a r ,  -COOH. 4 0 .  and phenol ic  -OH (1) .  If mois ture i s  generated from chem- 
i c a l l y  combined hydrogen i n  coal, some chemisorbed oxygen w i l l  produce peroxide o r  
hydroperoxide complexes. 
ox ida t i on  temperature (140°C) i s  responsib le  f o r  t he  loss o f  CH groups (2) .  A t  l a t e r  
stages o f  ox idat ion,  t he  acids produced combine w i t h  phenol t o  generate es te rs  o r  
anhydrides (2,3,4). Conventional ox ida t i on  t e s t i n g  methods ( i nc lud ing  f r e e  swel l ing,  
Gieseler p l a s t i c i t y ,  U. S. Steel o x i d a t i o n  transmission, and heat ing values) not  on l y  
need a considerable t ime t o  complete a s ing le  measurement but  also o f f e r  no informa- 
t i o n  about the de ta i l ed  chemical changes o f  coal. For instance, the U. S. Stee l  
ox ida t i on  transmission t e s t  can o n l y  i n d i c a t e  whether o r  not coal i s  good f o r  metal- 
l u r g i c a l  use (5) whi le  heat ing values prov ide on ly  c a l o r i c  data. 

acoustic (7,8) Four ier  Transform I n f r a r e d  (FTIR) spectroscopy have been used exten- 
s i v e l y  i n  recent years i n  s tud ies o f  o x i d a t i o n  associated coal b e n e f i c i a t i o n  prod- 
ucts. These methods can he lp  reveal  t he  de ta i l ed  mechanisms o f  coal ox idat ion.  
Painter  e t  a l .  (2,3,6) appl ied the  t ransmiss ion FTIR method t o  study ox ida t i on  mech- 
anisms. 7hq a t t r i b u t e d  the formation o f  es te r  l i n k s  as responsib le  f o r  the loss o f  
f ree swel l ing cha rac te r i s t i cs  and suggested t h a t  loss o f  a l i p h a t i c  CH groups du r ing  
ox ida t i on  i s  responsible f o r  reduct ion o f  Gieseler  p l a s t i c i t y .  The groups o f  Hamza 
(7) and Lynch (8) have deduced t h a t  coal ox ida t i on  i s  i n i t i a t e d  a t  a l i p h a t i c  carbon 
adjacent t o  aromatic r i n g s  and t h a t  t he  i n i t i a l  generation o f  hydroperoxides and 
c y c l i c  peroxides precedes the  formation o f  carbonyl f u n c t i o n a l i t y  which can reduce 
t h e  hydrophobic i ty  o f  coal surfaces, r e s u l t i n g  i n  decreased f l o a t a b i l i t y .  
contrary, Spi tzer  (9) be l ieves t h a t  t he  decrease o f  f l o a t a b i l i t y  o f  coal a f te r  oxida- 
t i o n  i s  associated w i th  decreasing a l k y l  content and not w i th  increas ing oxygen con- 
tent .  

The breaking down o f  these hydroperoxide groups a t  h ighe r  

i Methods based on d i f f u s e  re f l ec tance  (4,7,8), transmission (2,3,6), and photo- 

On the 

I * k e s  Laboratory i s  operated f o r  the U. S. Department o f  Energy by Iowa State 
Un ive rs i t y  under Contract No. W-7405-Eng-82. 
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Although there  are controversies i n  exp la in ing  the o x i d a t i o n  r e s u l t s  character-  
i z e d  by FTIR methods, the in fo rmat ion  provided enables i n s i g h t s  i n t o  d e t a i l e d  re -  
ac t ion  mechanisms. However, there  are several inherent disadvantages i n  d i f f u s e  
re f lec tance and transmission methods inc lud ing  d i f f i c u l t y  i n  ob ta in ing  a su i tab le  
reference spectrun i n  d i f f u s e  ref lectance measurements, v a r i a b l e  moisture content i n  
KBr-pel l e t  t ransmission spectroscopy. tedious sample preparat ion,  severe background 
scatter ing,  d i f f i c u l t y  i n  se lec t ion  of cor rec t  sca l ing  f a c t o r s  f o r  spec t ra l  subtrac- 
t i o n ,  and u n c e r t a i n t y  o f  pressure ef fects i n  making KBr p e l l e t s .  The FTIR-PAS method 
i s  able t o  provide the  same q u a l i t y  of r e s u l t s  as t h e  o ther  FTIR methods i n  analyzing 
coa l  b e n e f i c i a t i o n  products bu t  w i th  fewer problems. I n  t h i s  paper, c a p a b i l i t i e s  o f  
the  FTIR-PAS method f o r  charac ter iz ing  coal o x i d a t i o n  are demonstrated w i t h  compari- 
sons of FTIR-PAS r e s u l t s  t o  those o f  conventional coal  ana lys is  data. 

EXPERIMENTAL 

FTIR-PAS spectra were measured w i t h  an IBM Instruments IR-98 FTIR system (8 cm-1 

The photoacoustic i n t e r f e r -  

Signals were ampl i f ied  

reso lu t ion ,  128 scans) and a photoacoustic c e l l  designed and constructed a t  the h e s  
Laboratory. 
gas dur ing measurements t o  enhance the  signal  amplitude. 
ogram s igna l  was detected i n  the frequency range 90 t o  900 Hz by a model 4176 prepo- 
l a r i z e d  Bruel and Kjaer microphone w i t h  50 mV/Pa s e n s i t i v i t y .  
by a thousand gain p r e a m p l i f i e r  before being fed i n t o  the  FTIR instrument f o r  pro- 
cessing. A f t e r  the  interferogram was Four ie r  transformed, spectra were subtracted 
using the IR-98 software and di f ference spectra p lo t ted ,  u s u a l l y  wi thout spec t ra l  
smoothing. 

The I l l i n o i s  No. 6 coal  used i n  t h i s  o x i d a t i o n  study was obtained from the h e s  
Laboratory Coal L i b r a r y  (11). It came from the Captain Mine i n  Randolph County, IL. 
The descr ip t ion  o f  t h e  coal i s  given i n  Table 1. 

The c e l l  sample cup volume was less  than 0.1 cm3 and contained h e l i u n  

Table 1. Analysis o f  I l l i n o i s  No. 6 Coal Performed at Pmes Laboratory 

S u l f u r  Forms ( d r y )  
Heating 

Proximate Organic Value 
An a1 ys i s , V o l a t i l e  Total  P y r i t i c  S u l f a t e  S u l f u r  (B tu / lb )  

( X ) :  Moisture Matter Ash Su l fu r  S u l f u r  S u l f u r  (by d i f f . )  Dry 

8.14 33.65 13.12 3.45 2.03 0.14 1.28 12,189 

U1 t imate 
Analysis, ( X ) :  C H S (  t o t a l  ) N O(by d i f f  ,)  

62.17 4.13 3.45 1.60 15.53 

Control led o x i d a t i o n  of the I l l i n o i s  coal was performed a t  h e s  Laboratory by  
p lac ing  samples i n  an oven at  e i t h e r  140 or 150°C f o r  varying times up t o  72 hours 
w i t h  an a i r  f low r a t e  o f  42 m l  per second. The p a r t i c l e  s i z e  ranged from 44 t o  125 
micrometers (120 t o  325 mesh). FTIR-PAS spectra, heat ing value measurements, and 
U. S. Steel o x i d a t i o n  t ransmission t e s t s  on the I l l i n o i s  #6 coal were also completed 
i n  t h i s  Laboratory. The amount o f  sample needed f o r  acqu i r ing  FTIR-PAS spectra was 
roughly 15 rng. 
ment. Raw o r  ox id ized  coal  was poured d i r e c t l y  i n t o  the photoacoustic c e l l ' s  sample 
holder and the spec t ra  were measured. Since the photoacoustic s ignal  i s  r a t h e r  i n -  
s e n s i t i v e  t o  the  amount o f  sample used f o r  measurements, volume sampling i s  adequate, 

No sample preparat ion a f t e r  s iev ing  was requ i red  f o r  t h i s  measure- 
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and i t  i s  unnecessary e i t h e r  t o  weigh out  samples f o r  analys is  o r  t o  ad jus t  the spec- 
trum weighting fac to r  dur ing spect ra l  subt ract ion.  The FTIR-PAS spect ra l  acqu is i t i on  
t ime i s  t y p i c a l l y  three minutes (128 scans) per sample. The degree of ox ida t i on  as 
character ized by t h i s  method i s  determined by the changes i n  peak heights  o f  carbonyl 
(1690 cm-l) and ion ized carboxyl (1575 cm-1) bands which can be q u a n t i t a t i v e l y  meas- 
ured by spect ra l  subt ract ion.  

Measurements f o r  the U. S .  Steel o x i d a t i o n  t ransmiss ion t e s t  (5) were performed 
by: adding l g  o f  coal sample t o  100 m l  o f  1 N NaOH; adding one drop o f  T e r g i t o l  t o  
the caustic-coal s lu r r y ;  b o i l i n g  the caustic-Foal s l u r r y  f o r  3 minutes; coo l i ng  and 
f i l t e r i n g  the s l u r r y  through a 45 micrometer Whatman f i l t e r  paper; d i l u t i n g  t h e  f i l -  
t r a t e  wi th  d i s t i l l e d  water t o  a t o t a l  volume o f  80 m l ;  and measuring the  percent  
transmission o f  the so lu t i on  w i t h  a spectrophotometer set a t  520 nm. The heat ing 
values were determined using the  standard A S M  method (D2015). 

RESULTS AND DISCUSSION 

Spectra l a  and l b  o f  Figure 1 are f o r  raw I l l i n o i s  #6 coal acquired b y  conven- 

Spectrum IC was ac- 

t i o n a l  transmission FTIR and FTIR-PAS methods, respec t i ve l y .  Besides the roblems o f  
background sca t te r i ng  and uncer ta in ty  o f  hydroxyl bonds (1600 and 3400 cm-p) i n  spec- 
trum la ,  these two methods g ive q u a l i t a t i v e l y  s i m i l a r  r e s u l t s .  
qu i red by the FTIR-PAS method on the same I l l i n o i s  #6 coal a f t e r  ox ida t i on  i n  a i r  a t  
140'C f o r  24 hours. Spectrum I d  shows the spect ra l  d i f f e rences  between the  ox id ized 
and the raw coal a f t e r  spect ra l  subt ract ion.  No weight ing f a c t o r  adjustment was used 
o r  was necessary because sca l i ng  o f  the FTIR-PAS spectrum i s  i n s e n s i t i v e  t o  sample 
mass. 

Besides the increases o f  carbonyl (1690 cm-1) and carboxy late (1575 cm-1) bands 
as wel l  as the decrease o f  a l i p h a t i c  CH groups (- 2900 on-1). there also appear t o  be 
s l i g h t  losses i n  aromatic CH (- 3050 cm-1) and i n  hydroxyl OH (- 3550 cm-1) groups. 
The observations at 1690, 1575, and 2900 011-1 are consis tent  wi th  P a i n t e r ' s  r e s u l t s  
(3,6), whi le  a l l  o f  t he  features observed are i n  agreement wi th  Smyrl 's r e s u l t s  (4). 
Apparently Pa in te r ' s  f a i l u r e  t o  see the features near 3050 and 3550 on-' i s  due t o  
t he  moisture i n te r fe rence  and subtract ion f a c t o r  se lec t i on  problems associated with 
transmission. Smyr l  appl ied an i n - s i t u  d i f f u s e  re f l ec tance  method t o  character ize 
coal ox ida t i on  .which, l i k e  the  present work, i s  f r e e  from worries o f  mois ture i n t e r -  
ference and subtract ion f a c t o r  se lect ion.  

Although there i s  controversy about which po r t i ons  o f  coal are consumed du r ing  
ox idat ion,  t he  carbonyl, carboxylate and es te r  groups produced by the r e a c t i o n  have 
never been doubted. Therefore, these func t i ona l  groups were selected t o  c o r r e l a t e  
w i t h  the r e s u l t s  from conventional cha rac te r i za t i on  methods. For instance, F igure 2 
shows the  increase o f  carbonyl and ion ized carboxyl peak heights  measured by t h e  
FTIR-PAS method and the  va r ia t i ons  o f  percent transmission measured by the U. S .  
Steel  ox ida t i on  transmission t e s t  versus t ime o f  ox ida t i on  f o r  I l l i n o i s  #6 coal sam- 
p l e s  at 140°C. S im i la r  sa tu ra t i on  trends f o r  FTIR-PAS and U. S .  Steel t e s t s  are 
evident for  ox ida t i on  conducted at both 140 and 150"C, r e s u l t i n g  i n  the  asymptotic 
behavior o f  carbonyl and carboxylate group changes. 
and u. S .  Steel t e s t  data are l i n e a r l y  corre la ted.  Data f o r  coal ox id ized a t  140'C 
and 150'C are p l o t t e d  i n  t h i s  f i g u r e  t o  show t h a t  l i n e a r i t y  i s  maintained f o r  two 
d i f f e ren t  ox ida t i on  condi t ions.  The l i n e a r  c o r r e l a t i o n  was found f o r  both tempera- 
t u r e s  t o  be t te r  than 6% transmission u n i t s .  

c o r r e l a t i o n  observed. 
i s  due t o  the formation o f  oxygen func t i ona l  groups. 
measurement o f  coking proper t ies,  the l i n e a r  r e l a t i o n s h i p  o f  these two methods 

F igure 3 shows t h a t  t h e  FTIR-PAS 

TW hypotheses regarding coal ox ida t i on  behavior are suggested by the  l i n e a r  
F i r s t ,  the loss o f  coking p roper t i es  o f  coal dur ing ox ida t i on  

Since the U. S .  Steel  t e s t  i s  a 
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F igure 1. Comparison o f  I l l i n o i s  #6 coal  spectra, measured by t ransmission and 
photoacoust ic methods and an example of a spectral  sub t rac t ion  r e s u l t  
using photoacoust ic spectra t o  show o x i d a t i o n  induced spectra changes. 

Oxidat ion Time (Hours) 

Figure 2. Progress o f  o x i d a t i o n  measured by the  FTIR-PAS method and U. S. Steel  
a l k a l i  e x t r a c t i o n  t ransmission t e s t  (a.u.=arbi t rary u n i t s ) .  
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suggests t h a t  both the degradation o f  coal i n  coking a b i l i t y  and the U. S. Stee l  
transmission value are due t o  the  formation o f  oxygen func t i ona l  groups. Second, the  
coal p a r t i c l e s  i n  t h e  s i ze  range explored appear t o  be o x i d i z i n g  un i fo rm ly  throughout 
t h e i r  volume ra the r  than t o  a decreasing degree w i t h  depth as would be the  case f o r  a 
d i f f us ion  l i m i t e d  process. 
coal sample, p a r t i c l e s  are opaque and the  FTIR-PAS measurement senses a surface layer  
whereas the U. S. Steel t e s t  i s  a bu lk  determination. Since the data o f  t h e  two 
methods have a l i n e a r  co r re la t i on ,  the surface and bu lk  regions appear t o  be uniform- 
l y  oxidized. To t e s t  t h i s  hypothesis fu r the r ,  the coal samples ox id ized at 140'C 
were ground t o  the micrometer s i ze  range t o  permit t he  FTIR-PAS measurement o f  the 
bu lk  ma te r ia l  ox ida t i on  changes since t h e  p a r t i c l e s  are no longer opaque. To prevent 
add i t i ona l  coal ox ida t i on  dur ing the  g r ind ing  process, t he  gr inder  capsule which 
contained coal was cooled by l i q u i d  n i t rogen.  The r e s u l t s  obtained from t h e  FTIR-PAS 
spect ra o f  ground, ox id ized coal are p l o t t e d  i n  F igure 4 against t he  r e s u l t s  before 
gr ind ing.  The l i n e a r  r e l a t i o n  found i n  t h i s  p l o t  i nd i ca tes  the same t ime e v o l u t i o n  
for  ox ida t i on  o f  surface and bu lk  regions o f  t he  samples. 
cesses do not  appear t o  be e i t h e r  separate surface-bulk processes o r  d i f f u s i o n - l i m i t -  
ed processes but r a t h e r  processes occurr ing un i fo rm ly  throughout the  bu lk  f o r  t h e  
experimental condi t ions used. 

There are tm, heat ing value est imat ing formulas ava i l ab le  f o r  coal, t h e  Dulong 
and the  Dulong-Berthelot formulas (Ref. 1. p. 35). 
value decreases l i n e a r l y  w i th  increas ing oxygen content o f  coal. This impl ies t h a t  
t he  decrease o f  heat ing value dur ing ox ida t i on  can be co r re la ted  l i n e a r l y  w i t h  the 
amount o f  oxygen func t i ona l  groups produced. F igure 5 i s  a p l o t  o f  the decrease i n  
t h e  ASTM heat ing value versus increase i n  coal ox ida t i on  as monitored by changes i n  
the  sun o f  peak amplitudes associated w i t h  carbonyl and carboxylate bands o f  I l l i n o i s  
86 coal. A common l i n e a r  r e l a t i o n  was found between these two methods f o r  both 140 
and 150'C ox ida t i on  condi t ions.  
rada t ion  and FTIR-PAS data may enable op t im iza t i on  o f  coal b e n e f i c i a t i o n  processes 
when coal ox ida t i on  occurs dur ing the process. Since the b e n e f i c i a t i o n  process i n -  
cludes demineral izat ion, t he  decrease o f  mineral contents o f  coal can a lso be m n i -  
t o red  by the same FTIR-PAS spectrum. Hence, the  t rade -o f f  between mineral removal 
and loss o f  heating value can be evaluated based on one sample and a s ing le  data 
acqu is i t i on  e f f o r t .  Furthermore, the c o r r e l a t i o n  between the U. S. Steel t e s t  and 
FTIR-PAS data can also be used, t o  determine whether or not demineral ized coal s t i l l  
has coking p roper t i es  f o r  me ta l l u rg i ca l  use. 

Koppers Company, were also s tud ied and the FTIR-PAS spectra were measured. L inear  
co r re la t i ons  were found between our FTIR-PAS r e s u l t s  and r e s u l t s  obtained p rev ious l y  
(10) for t he  U. 5. Steel ox ida t i on  transmission, f r e e  swel l ing index, and Gieseler  
p l a s t i c i t y  t es ts .  These f ind ings,  which w i l l  be repor ted f u l l y  elsewhere, suggest 
t h a t  FTIR-PAS data can be co r re la ted  and subs t i t u ted  f o r  data from these conventional 
coal t e s t s  which demand more time. 

I n  the  above discussions, o n l y  spect ra l  changes o f  oxygen-containing f u n c t i o n a l  
groups generated dur ing ox ida t i on  of  coal were used t o  c o r r e l a t e  w i t h  conventional 
t e s t i n g  method resu l t s .  If the other features o f  FTIR-PAS sub t rac t i on  spectrum I d  
(as shown i n  F igure 1) are also invo lved i n  the  da ta  manipulat ion, m r e  r e l a t i o n s  may 
be found t h a t  w i l l  p rov ide a b e t t e r  understanding o f  t he  ox ida t i on  process. 

The hypothesis i s  based on the f a c t  t h a t  f o r  t h i s  s i z e  

Hence, t h e  ox ida t i on  pro- 

I n  these two formulas t h e  heat ing 

This l i n e a r  r e l a t i o n s h i p  between heat ing va lue deg- 

Samples o f  coal ox id ized by natura l  weathering, which were provided by the  
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Figure 3. Comparison o f  FTIR-PAS signal  t o  U. S. Steel o x i d a t i o n  t ransmission t e s t s  
a t  the o x i d a t i o n  temperatures o f  140 and 150'C (a.u.=arbi t rary u n i t s ) .  

I t  1 ,  I 6  I B 9 10 

FTIR-PAS Signal o f  Coarse Powder Coal (a.u.). 
(44 - 1 2 5 ~  p a r t i c l e  s ize)  

Figure 4. P l o t  o f  t h e  photoacoustic s igna l  f o r  coarse opaque versus signal  f o r  f i n e  
non-opaque coal  powders showing t h a t  ox ida t ion  has occurred un i fo rmly  
through t h e  coarse powder volume (a.u.=arbi t rary u n i t s ) .  
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F igure 5. Comparison o f  FTIR-PAS s ignal  t o  heat ing value measurement a t  t h e  
ox ida t i on  temperatures o f  140 and 150'C (a.u.=arbitrary un l t s ) .  

CONCLUSIONS 

FTIR-PAS spect ra l  changes induced by coal ox ida t i on  have been found t o  c o r r e l a t e  
l i n e a r l y  wi th  r e s u l t s  of conventional coal analys is  methods t h a t  are sens i t i ve  t o  
coal oxidation. Advantages demonstrated fo r  the FTIR-PAS method o f  moni tor ing coal  
ox ida t i on  inc lude speed of analys is  (several minutes), non-destructive character, 
minimal sample preparat ion (coarse powder), i n s e n s i t i v i t y  t o  sample mass, and f l a t  
spect ra l  basel ines wi thout  hydroxyl band in te r fe rence  common t o  KBr-pel l e t  I R  t rans-  
mission spectroscopy. 
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